Background: Change of mitochondrial DNA (mtDNA) copy number is widely reported in various human cancers, including gastric cancer, and is considered to be an important hallmark of cancers. However, there is remarkably little consensus on the value of variable mtDNA content in the prognostic evaluation of this cancer. Methods: Using real-time quantitative PCR approach, we examined mtDNA copy number in a cohort of gastric cancers and normal gastric tissues, and explored the association of variable mtDNA content with clinical outcomes of gastric cancer patients.
relatively less attention has been paid to mitochondrial DNA (mtDNA) alterations. Mitochondria are organelles found in all nucleated cells. The major role of mitochondria is to generate cellular adenosine triphosphate (ATP) through oxidative phosphorylation [17] . Human mtDNA is a 16,569 base-pair, double-stranded, closed-circular DNA molecule that encodes 13 polypeptides, 2 rRNAs, and a set of 22 tRNAs required for protein synthesis in mitochondria [18] . The displacement loop (D-loop) is a noncoding region essential for the replication and transcription of mtDNA. Mutations in the D-loop may cause a reduction in mtDNA copy number or altered mtDNA gene expression [19, 20] . Generally, each human cell contains several hundred to 1000 mitochondria, and each mitochondrion has 2 to 10 copies of mtDNA. The mitochondrial genome is more vulnerable to oxidative damage and undergoes a higher rate of mutation than does the nDNA [21, 22] . Increasing evidences have demonstrated the association of increased mtDNA content in peripheral blood with increased risk of non-Hodgkin lymphoma [22] , lung cancer [23] , pancreatic cancer [24] , breast cancer [25] , and colorectal cancer [26] , whereas increased risk of renal cancer is associated with decreased mtDNA content [27] . Although several studies have reported depletion in mtDNA copy number in gastric cancers as compared with normal gastric tissues [28, 29] , there is no relationship between leukocyte mtDNA content and the risk of developing gastric cancer [30] . Until now, the association of mtDNA content with clinical outcomes of gastric cancer patients remains largely unknown.
In the present study, we investigated mtDNA copy number in a cohort of gastric cancers and normal gastric tissues using real-time quantitative PCR approach, and explored the effect of mtDNA content on clinical outcomes of gastric cancer patients.
Methods

Patients
With the approval of our institutional review board and human ethics committee, where required, a total of 103 paraffin-embedded gastric cancer tissues were randomly obtained at the First Affiliated Hospital of Xi'an Jiaotong University School of Medicine between January 2000 and December 2009. A total of 33 gastric tissues from the patients with chronic gastritis who underwent endoscopic biopsy were used as control subjects. None of these patients received chemotherapy and radiotherapy before the surgery. All samples were histologically examined by a senior pathologist at Department of Pathology of the Hospital based on World Health Organization (WHO) criteria. Clinicopathological data were obtained from the patients' files or by interview with the patients or their relatives, and were summarized in Table 1 .
DNA preparation
Serial sections from each tumor sample were cut. One section was stained using hematoxylin and eosin (H&E) and was marked as a tumor representative tissue by an expert surgical pathologist for gastric cancer. Tumor tissues were then isolated by manual microdissection under an inverted microscope using the marked H&E section for target tissue identification. DNA was extracted from isolated tumor tissues as previously described [13] . Briefly, the tissues were first treated with xylene for 12 h at room temperature to remove the paraffin, and were then subjected to digestion with 1% sodium dodecylsulfate (SDS) and proteinase K at 48°C for 48 to 72 h with addition of several spiking aliquots of concentrated proteinase K to facilitate digestion. Genomic DNA was isolated from the digested tissues followed by standard phenol-chloroform extraction and ethanol precipitation protocol, and stored at −80°C until use.
mtDNA copy number analysis
Relative mtDNA copy number was measured in a cohot of gastric cancers and normal gastric tissues by real-time quantitative PCR method. Specific primers and TaqMan probes were designed using Primer Express 3.0 (Applied Biosystems, Foster City, CA) to amplify MT-ND1 gene in mtDNA and the internal reference gene β-actin. TaqMan probes were labeled with 5′-FAM (6-carboxyfluorescein, fluorescent reporter) and 3′-TAMRA (6-carboxy-tetramethylrhodamine, fluorescent quencher). The primer and probe sequences for MT-ND1 and β-actin genes were presented in Table 2 . Using a PCR protocol described previously [31] , PCR amplification was carried out in the buffer containing 16.6 mM ammonium sulfate, 67 mM Tris base, 2.5 mM MgCl 2 , 10 mM 2-mercaptoethanol, 0.1% DMSO, 0.2 mM each of dATP, dCTP, dGTP and dTTP, 600 nM each of forward and reverse primers, 200 nM TaqMan probe, 0.6 unit Platinum Taq polymerase and 2% Rox reference dye. Each sample was run in triplicate, and β-actin was run in parallel to standardize the input DNA. Standard curves were established using serial dilutions of normal leukocyte DNA with a quantity range of 6.25 to 100 ng per 2 μL. The relative mtDNA copy number of each sample was calculated as described previously [27, 30] .
Statistical analysis
The Mann-Whitney U test was used to compare mtDNA copy number between gastric cancer and normal gastric tissues. Association of mtDNA copy number with clinicopathological characteristics was assessed univariately using the SPSS statistical package (version 11.5, Chicago, IL). Multivariate models were then developed that adjusted for the most important covariates, including age, tumor size, differentiation, and lymph node metastasis. Survival length was determined from the day of primary tumor surgery to the day of death or last clinical follow-up. The Kaplan-Meier method was used for survival analysis grouping with copy number variations of mtDNA. Differences between curves were analyzed using the log-rank test. Multivariate Cox regression analysis was used to evaluate the effect of mtDNA copy number on survival of independently of the number of lymph node metastasis, tumor invasion and differentiation. All statistical analyses were performed using the SPSS statistical package (version 11.5, Chicago, IL). P values < 0.05 were considered significant.
Results
Relative mtDNA copy number in gastric cancer
Real-time quantitative PCR assay was performed to analyze mtDNA copy number in 103 gastric cancers and 33 normal gastric tissues. As shown in Figure 1 , the relative mean mtDNA content was higher in gastric cancer patients (6.06 ± 8.76 copies) than control subjects (4.48 ± 2.46 copies). However, the difference did not reach statistical significance (P =0.171). The median values among gastric cancer patients and control subjects were 2.94 copies (range = 0.39-50.12 copies) and 4.07 copies (range = 0.34-10.10 copies), respectively, suggesting that the majority of gastric cancer patients had low mtDNA Table 2 The primer and TaqMan probe sequences used in this study content as compared to control subjects, as supported by the previous studies [28, 29] . We next evaluated whether mtDNA content differed by selected clinicopathological characteristics. As shown in Figure 2 , overall, we did not find significant differences in mtDNA copies by gender, age, tumor localization, tumor size, differentiation, tumor invasion, TNM stage, lymph node metastasis and survival status. Notably, although no statistical significance was noted, the patients with lymph node metastasis had a lower mtDNA content than the patients without lymph node metastasis (4.45 vs. 7.46 copies, P =0.12) ( Figure 2 ). Moreover, mtDNA content in gastric antrum was lower than that in gastric cardia and body (4.66 vs. 6.51 and 7.99 copies) ( Figure 2 ). 
Association of variable mtDNA content with clinicopathological characteristics of gastric cancer patients
To further examine the relationship of mtDNA content with clinicopathological characteristics of gastric cancer patients, we chosed two cutoff points, which are the lower and upper limit (3.61 and 5.35 copies) of the overall 95% confidence interval for all control subjects, respectively. Gastric cancer patients were then categorized into three groups by use of these two cutoff points, including individuals with highest (>5.35 copies) (termed "increased mtDNA content" hereafter), medium (3.61-5.35 copies) and lowest (<3.61 copies) (termed "decreased mtDNA content" hereafter) category of mtDNA content. Medium category of mtDNA content (3.61-5.35 copies) was used as a reference. As shown in Table 3 , variable mtDNA content was closely associated with lymph node metastasis in gastric cancer patients. Compared with the reference, decreased mtDNA content significantly increased the risk of lymph node metastasis in gastric cancer patients (OR =4.93, 95% CI =1. .04, P =0.02). Similarly, although the association did not reach statistical difference, increased mtDNA content also increased the risk of lymph node metastasis of patients (OR =4.00, 95% CI =0.91-17.58, P =0.07).
Gastric cancer patients were further categorized into two groups based on TNM stage, such as individuals with early-stage (stages I and II) and late-stage (stages III and IV) tumors. As shown in Table 4 , increased mtDNA content was significantly negatively associated with tumor invasion in the patients with early-stage tumors (OR =0.28, 95% CI =0.08-0.99, P =0.049). Both decreased and increased mtDNA content dramatically increased the risk of lymph node metastasis for the patients with late-stage tumors (the former: OR =27.00, 95% CI =2.89-252.62, P =0.004; the latter: OR =13.50, 95% CI =1.34-135.98, P =0.03) ( Table 5 ). Also shown in Table 5 , increased mtDNA content was significantly associated with higher mortality of the patients with late-stage tumors (OR =6.42, 95% CI =1.09-37.74, P =0.04) ( Table 5 ). Moreover, decreased mtDNA also increased the risk of caner-related death in advanced gastric cancer patients (OR =3.11, 95% CI =0.66-14.60, P =0.15), although no statistical significance was found. In order to assess the independent association of variable mtDNA content with age, tumor size, differentiation and lymph node metastasis, we conducted a multivariable logistic regression. As shown in Table 6 , similar to univariate analysis, both decreased and increased mtDNA content remained closely associated with lymph node meatstasis after adjustment, particularly the former (OR =7.63, 95% CI =1.63-35.69, P =0.01). Moreover, although we did not find statistical significance, deceased mtDNA content was positively associated with poor differentiation of gastric cancer patients (OR =3.00, 95% CI =0.86-10.47, P =0.08) ( Table 6 ).
Effect of variable mtDNA content on poor survival of gastric cancer patients
Given that variable mtDNA content is associated with some of clinicopathological features in gastric cancer patients, we next investigated its association with poor survival. Similarly, medium category of mtDNA content (3.61-5.35 copies) was used as a reference in this study. As shown in Table 7 , variable mtDNA content did not affect overall survival of gastric cancer patients. We then used Kaplan-Meier survival curves to further determine the effect of variable mtDNA content on the survival of gastric cancer patients. Similar to the findings in Table 7 , decreased or increased mtDNA content did not significantly affect survival time of gastric cancer patients (the former: 54.2 months vs. 51.4 months on average, P =0.93; the latter: 44.4 months vs. 51.4 months on average, P =0.38) ( Figure 3 ). Cox multivariate repression showed that decreased or increased mtDNA content (the former: HR =0.52, 95% CI =0.20-1.38, P =0.19; the latter: HR =1.07, 95% CI =0.37-3.07, P =0.90) is not a predictor of poor survival for gastric cancer patients as an independently variable with respect to the number of lymph node metastasis, tumor invasion and differentiation. The data were stratified further based on the TNM tumor stage, because it is an independent risk factor for gastric cancer patients. Also shown in Figure 3 , decreased or increased mtDNA content did not affect survival time (Figure 3 ).
Discussion
Although much of the current funding is aligned to continuing to further understand the functional details of the nuclear genome, the mitochondrion and its modest complement of DNA and protein is emerging as a crucial component of the biological networking of nuclear pathways [18] . Mitochondria are eukaryotic organelles involved in many important physiological processes, including metabolism, signaling, apoptosis, cell cycle, differentiation and responsible for energy production [32] . It has been well documented that the enhanced production of mitochondrial reactive oxygen species (ROS), most notably superoxide, hydroxyl radicals, and hydrogen peroxide is a prominent byproduct of cancer cell metabolism [33] . Within various cells, tissues and organs, mtDNA copy number is different, and this difference can also occur in a given type of cell under different conditions or internal or external microenvironments [34, 35] . Unlike nuclear DNA, mtDNA is present at a consistently high level in each cell [36] , and mtDNA mutation rate is much higher than that of nuclear DNA [18, 21] . Mitochondrial aberrants, including mtDNA mutations and copy number variations, have been frequently identified in different types of human cancers, including gastric cancer [28] [29] [30] 36, 37] , suggesting that mtDNA aberrations play a critical role in gastric tumorigenesis. However, the prognostic values of mtDNA aberrants, particularly copy number variations, in gastric cancer patients ramain largely unclear.
In this study, we investigated relative mtDNA copy number in a cohort of gastric cancers and normal gastric tissues (control subjects) using real-time quantitative PCR approach. Our data showed that the majority of the cancer patients had low levels of mtDNA copy number as compared to control subjects, although mean mtDNA content was a little bit higher in gastric cancer patients than control subjects. In line with this study, the previous studies have demonstrated that mtDNA depletion is >5. 35 frequently found in gastric cancers as compared with normal gastric tissues [28, 29] , implicating that low mtDNA content is involved in the formation and progression of gastric cancer. Moreover, we did not find the association of mtDNA content with most of clinicopathological features, such as gender, age, tumor localization, tumor size, differentiation, tumor invasion, TNM stage and survival status. However, we found that the patients with lymph node metastasis had a lower mtDNA copy number than the patients without lymph node metastasis, although the difference between two groups was not statistically significant.
To further explore the association of mtDNA content with clinicopathological characteristics and poor survival of gastric cancer patients, we categorized the patients into three groups based on two cutoff points (the lower and upper limit of 95% confidence interval for all control subjects), such as decreased mtDNA content (<3.61 copies), normal mtDNA content or reference (3.61-5.35 copies) and increased mtDNA content (>5.35 copies). Our findings showed that variable mtDNA content (whatever decreased or increased mtDNA content) was closely associated with an increased risk of lymph node metastasis for gastric cancer patients as compared to reference. Strikingly, when gastric cancer patients were further categorized into early-stage and late-stage groups based on TNM stage, variable mtDNA content was not asscoiated with lymph node metastasis for the patients with early-stage tumors. However, both decreased and increased mtDNA content significantly increased the risk of of lymph node metastasis for the patients with late-stage tumors. These observations suggest that copy number variations of mtDNA may be invloved in gastric cancer progression. Similar to our findings in the present study, a previous study showed that mtDNA content was increased gradually from the non-cancerous esophageal mucosa to esophageal squamous cell carcinoma (ESCC) and then the metastatic lymph nodes [38] . Moreover, our data showed that variable mtDNA content was associated with cancer-related death of the patients with late-stage tumors. Collectively, our findings suggest that variable mtDNA content may contribute to poor clinical outcomes of gastric cancer patients, particularly the patients with advanced tumors. Next, we evaluated the effect of variable mtDNA content on poor survival of gastric cancer patients. Our data showed that both decreased and increased mtDNA content were not associated with overall survival of gastric cancer patients. However, when the patients were categorized into early-stage and late-stage tumor groups, increased mtDNA content was strongly associated with poor survival in the latter, but not in the former, as supported by a previous study that high mtDNA copy number may contribute to the high bioenergetic function of mitochondria and further confer an advantage for malignant behaviors of cancer cells, such as tumor invasion [39] .
Conclusion
In summary, we investigated relative mtDNA content in a large cohort of gastric cancers, and demonstrated that variable mtDNA content was closely associated with lymph node metastasis and higher mortality of the patients with late-stage tumors. Moreover, increased mtDNA content predicts worse survival for the patients with late-stage tumors. Thus, variable mtDNA content may be a valuable biomarker in evaluating poor prognosis of advanced gastric cancer patients.
